Fiber-substituted adenovirus (Ad) vectors containing fibers of Ad serotype 35 (AdF35) efficiently transduce a variety of human cells because their receptor, human CD46, is ubiquitously expressed on almost all nucleated cells. However, the ubiquitous expression of CD46 might lead to unexpected transduction in untargeted organs. In this study, we developed fiber-modified AdF35 vectors with an integrinbinding Arg-Gly-Asn (RGD) peptide incorporated into the FG, HI or IJ loop, which have been identified as important regions for binding to CD46. Incorporation of foreign peptides into these loops does not inhibit trimerization of the fibers. In CD46-negative cells, fiber-mutant AdF35 vectors containing an RGD peptide in the FG or HI loop showed 6-to 30-fold higher transduction efficiencies in an RGD-peptide-dependent manner than the unmodified AdF35 vectors. In contrast, in CD46-positive cells, insertion of foreign peptides markedly reduced the transduction efficiencies of the AdF35 vectors, indicating that insertion of foreign peptides significantly inhibits binding to CD46. In particular, CD46-mediated transduction was completely diminished by insertion of foreign peptides into the HI loop. Our findings indicate that HI loop is the most suitable domain to mediate a foreign peptide-dependent and CD46-independent transduction by incorporation of foreign peptides into the Ad35 fiber knob.
Recombinant adenovirus serotype 5 (Ad5) vectors have been widely used as gene delivery vehicles for gene therapy and as tools for gene function analysis due to their ability to mediate efficient transgene expression. [1] [2] [3] However, the transduction efficiencies of Ad5 vectors are often limited because it is difficult for Ad5 vectors to transduce cells lacking the primary receptor, the coxsackie and Ad receptor, which binds to the knob domain of the Ad5 fiber protein. [4] [5] [6] [7] [8] Several important target cells for gene therapy, such as hematopoietic stem cells, dendritic cells and malignant tumor cells, hardly express coxsackie and Ad receptor. [9] [10] [11] [12] To overcome this problem, several groups, including ours, developed fiber-substituted Ad5 vectors (AdF35) containing the fiber knob and shaft of Ad serotype 35 (Ad35), which belongs to species B2. 13, 14 Ad vectors can be retargeted by utilizing fiber proteins of alternate Ad serotypes as the attachment of Ad to the cell surface is largely mediated by the fiber knob. Species B2 Ads, including Ad35, utilize human CD46 as a cellular attachment receptor, 15, 16 although almost all the Ads except for species B Ads recognize coxsackie and Ad receptor. Human CD46 is broadly and abundantly expressed on all human nucleated cells, leading to the broad tropism of AdF35 vectors. 13, 14, 17, 18 In addition to their broad tropism, AdF35 vectors have the additional advantage of showing no apparent tropism for certain organs, including the liver, after intravenous administration. [19] [20] [21] The fiber shaft of Ad35 does not possess a KKTK (Lys-Lys-Thr-Lys) motif, 22 which is considered to be involved in the accumulation of Ad5 vectors in the liver. 23 This property suggests that AdF35 vectors would be suitable as a platform for targeted Ad vectors.
To render Ad vectors capable of tissue targeting, the native tropism of Ad vectors should be ablated as a first step. As described above, AdF35 vectors do not exhibit tropism for certain organs; however, AdF35 vectors might bind to various types of cells, including untargeted organs, after injection due to the broad expression of human CD46. In particular, AdF35 vectors might interact with blood cells in the vessel immediately after intravascular injection because human CD46 is also abundantly expressed in all blood cells except for erythrocytes. Several studies have shown that AdF35 vectors efficiently transduce blood cells. 11, 14, 24 In the second step, ligands with a high affinity to targeted organs should be added to the capsid. Various sites for genetic incorporation of target ligands in Ad capsids, including the fiber knob, penton base and hexon, have been reported for Ad5 vectors. 25, 26 Among these sites, the HI loop and C-terminal region in the fiber knob are considered to be the most promising sites for the insertion of target ligands for Ad5 vectors. 26, 27 However, regions suitable for the insertion of target ligands have not been identified in the Ad35 fiber knob. In this study, to achieve both ablation of CD46 binding and addition of targeting ligands to the Ad35 fiber knob, we selected the regions crucial for binding to CD46 as an insertion site for foreign peptides and developed fiber-mutant AdF35 vectors with foreign peptides incorporated into the fiber knob. We hypothesized that the incorporation of foreign peptides into the regions crucial for CD46 binding would lead to both ablation of binding to CD46 and addition of targeting ability to the AdF35 vectors. The regions crucial for association with CD46 were considered appropriate for the insertion of target ligands because these regions would be exposed to the outside of the fiber knob to bind to CD46.
First, to develop the fiber-mutant AdF35 vectors containing foreign peptides in the Ad35 fiber knob, the FG, HI and IJ loops were selected as sites for the incorporation of foreign peptides. Recent studies have revealed the structure of species B Ad fiber knobs, the mode of interaction with CD46 and several amino acids crucial for CD46 binding in the fiber knob, [28] [29] [30] [31] and that the FG, HI and IJ loops are involved in the association with CD46. [31] [32] [33] In particular, Phe242 in the FG loop, Arg279 and Ser282 in the HI loop, and Glu302 in the IJ loop are crucial for attachment to CD46 (note that the numbers of amino-acid residues are those of the Ad35 fiber knob). 31 A unique XbaI restriction site was introduced into the proximity of regions encoding these amino-acid residues, between Gln243 and Thr244 in the FG loop, Met280 and Ile281 in the HI loop, or Glu302 and Ser303 in the IJ loop, in the vector plasmid for AdF35 vectors to allow easy insertion of the oligonucleotides corresponding to foreign peptides by means of in vitro ligation. 26, 34, 35 The vector plasmids pAdHM75-XbaI(FG), -XbaI(HI) and -XbaI(IJ) were constructed as described below. First, the fragments encoding the FG, HI or IJ loop of the Ad35 fiber knob were amplified by PCR with the following primers: the AdF35 primer ( 35 (Ad5 genome, 27 526-32 787 bp) was ligated with the ClaI/SrfI fragments of pEco-35FG-XbaI, -35HI-XbaI and -35IJ-XbaI, resulting in pAdHM75-XbaI(FG), -XbaI(HI) and -XbaI(IJ), respectively ( Figure 1 ). pAdHM75-XbaI(FG) was digested by I-CeuI/PI-SceI and ligated with I-CeuI/PI-SceIdigested pCMVL1a, 26 which contains a cytomegalovirus promoter-driven firefly luciferase expression cassette, resulting in pAdHM75-XbaI(FG)-L2. To insert a foreign oligonucleotide corresponding to the RGD-4C peptide, pAdHM75-XbaI(FG)-L2 was digested with XbaI and ligated with oligonucleotides Ad35RGD-1 (5 0 -CTAGGTGTGACTGCCGCGGAGACTGTTTCTGCC-3 0 ) and Ad35RGD-2 (5 0 -CTAGGGCAGAAACAGTCTCCGC GGCAGTCACAC-3 0 ), which contain binding sites with an XbaI site, resulting in pAdHM75-RGD(FG)-L2. The oligonucleotides Ad35FLAG-1 (5 0 -CTAGGGGCAGCGA CTACAAGGACGATGATGACAAAGGCAGCC-3 0 ) and Ad35FLAG-2 (5 0 -CTAGGGCTGCCTTTGTCATCATCGT CCTTGTAGTCGCTGCCCC-3 0 ) were similarly inserted as described above for incorporation of the FLAG peptide as a control peptide, resulting in pAdHM75-FLAG(FG)-L2. Vector plasmids for firefly luciferaseexpressing AdF35 vectors containing foreign peptides in the HI or IJ loop were similarly constructed as described above.
To prepare the virus, these plasmids were digested with PacI and purified by phenol-chloroform extraction and ethanol precipitation. Linearized vector plasmids for AdF35 vectors with foreign peptides in the FG or HI loop were transfected into Fiber-293 cells, which stably express Ad5 fiber protein, 38 because the viruses were not generated in normal 293 cells. AdF35 vectors containing foreign peptides in the IJ loop were generated in normal 293 cells. When Fiber-293 cells were used for virus amplification, the viruses were allowed to infect normal 293 cells to avoid inclusion of Ad5 fiber protein in the capsid at the final stage of virus amplification. Viruses were purified by CsCl step-gradient ultracentrifugation followed by CsCl linear-gradient ultracentrifugation. AdF35-L2 was prepared previously. 13 Information about the AdF35 vectors used in this study, including amino-acid sequences in the fiber knob, is summarized in Table 1 . The determinations of infectious titers and virus particle titers were accomplished using 293 cells and Adeno-X rapid titer kit (Clontech, Mountain View, CA, USA) (for infectious titers) or by the method of Maizel et al. 39 (for virus particle). The infectious titer to virus particle ratios of the viruses are as follows: 1:14 for AdF35-RGD(FG)-L2, 1:96 for AdF35-RGD(HI)-L2, 1:373 for AdF35-RGD(IJ)-L2, 1:7 for AdF35-FLAG(FG)-L2, 1:78 for AdF35-FLAG(HI)-L2 and 1:3 for AdF35-FLAG(IJ)-L2. The yields of all the modified AdF35 vectors were similar to those of the parent AdF35 vectors.
Next, western blotting analysis was performed to investigate whether the modified Ad35 fibers are capable of trimerization. Fiber trimerization is crucial for binding of Ad35 fiber proteins to human CD46. 31, 40 As shown in the upper panel of Figure 2 , we detected a band of 110 kDa corresponding to the trimerized fibers in all the lanes for the AdF35 vectors, including the fiber-modified AdF35 vectors. In addition, the mutant Ad35 fibers containing the foreign peptides were detected at a higher position, compared with the wild-type Ad35 fibers, under a denaturing condition (Figure 2 , lower panel) due to the incorporation of 13 (RGD peptide) and 16 amino acids (FLAG peptide) into the fiber knob. These results suggest that the modified Ad35 fibers containing an RGD or FLAG peptide are capable of trimerization, similarly to the wild-type Ad35 fibers.
Next, to examine whether the insertion of an RGD peptide into the Ad35 fiber knob increases the transduction efficiencies, SF295 (a human glioblastoma multiforme) and NIH3T3 cells (a mouse embryonic fibroblast cell line), which are CD46-negative but a v b 3 -integrin-and a v b 5 -integrin-positive, 41 were transduced with the AdF35 ). An increase in the luciferase production was not observed for the AdF35 vectors with foreign peptides inserted in the IJ loop. The IJ loop of the Ad35 fiber knob is far from the short consensus repeat (SCR)2 in human CD46, compared with Ad serotypes 7 and 11 (Ad11), 28, [30] [31] [32] suggesting that an RGD peptide inserted into the IJ loop might not be able to make contact with CD46. Unexpectedly, AdF35-FLAG(HI)-L2 also showed increased transduction efficiencies in both cell types. It remains unclear why the insertion of a FLAG peptide into the HI loop enhances the transduction efficiency.
To determine whether AdF35-RGD(FG)-L2 and RGD(HI)-L2 transduce CD46-negative cells in an RGDpeptide-dependent manner, we performed a competition experiment using a synthetic RGD peptide (Figure 4) . Addition of the synthetic RGD peptide decreased the transduction efficiencies of AdF35-RGD(FG)-L2 and AdF35-RGD(HI)-L2 by more than 28% in both SF295 and NIH3T3 cells. Anti-human a v b 5 -integrin antibody (clone; P1F6) also significantly inhibited the transduction with both AdF35-RGD(FG)-L2 and AdF35-RGD(HI)-L2 in SF295 cells (data not shown). These results indicate that the AdF35 vectors with an RGD peptide incorporated into the FG or HI loop efficiently transduce CD46-negative cells through an interaction between the RGD motif in the fiber knob and a v -integrins.
Next, CD46-positive SK HEP-1 (a human hepatoma cell line) and LN444 cells (a human glioblastoma multiforme) were transduced with the modified AdF35 vectors to examine whether the insertion of foreign peptides into the Ad35 fiber knob decreases the association of the fiber-mutant AdF35 vectors with CD46. Both cells abundantly express human CD46 and a v b 5 -integrin (data not shown). The transduction efficiencies of all the fiber-mutant AdF35 vectors significantly declined, compared with AdF35-L2 in both cells ( Figure 5 ). In particular, AdF35 vectors containing foreign peptides in the HI loop, AdF35-RGD(HI)-L2 and AdF35-FLAG(HI)-L2, and an AdF35 vector containing an RGD peptide in the IJ loop, AdF35-RGD(IJ)-L2, mediated more than sevenfold lower luciferase productions than AdF35-L2. These results suggest that the incorporation of foreign peptides into these regions of the Ad35 fiber knob significantly reduces the affinity to human CD46. However, the weak binding affinity of the mutant AdF35 vectors to human CD46 might remain, as the luciferase productions by the fiber-mutant AdF35 vectors were not completely diminished. To examine whether the fiber-mutant AdF35 vectors containing foreign peptides still possess binding affinity to CD46, SK HEP-1 cells were transduced with the AdF35 vectors in the presence of the anti-human CD46 antibody clone M177. Clone M177 binds to SCR2 in human CD46 and Chimeric Ad vectors with foreign peptides in the Ad35 fiber knob H Matsui et al efficiently blocks the attachment of Ad35 fibers to human CD46. 42, 43 As expected, transduction with AdF35-L2 was markedly inhibited by M177 (Figure 6 ). The luciferase productions by AdF35-FLAG(FG)-L2 and -FLAG(IJ)-L2 also significantly declined in the presence of M177, indicating that binding activity to human CD46 still remains in the Ad35 fiber knob, with a FLAG peptide incorporated into the FG or IJ loop. On the other hand, a statistically significant inhibition by M177 was not found in the transduction efficiency of AdF35-RGD(FG)-L2 although M177 reduced the luciferase production. In addition, the extent of M177-mediated reduction in luciferase production was smaller for AdF35-RGD(FG)-L2 than that for AdF35-FLAG(FG)-L2 and -FLAG(IJ)-L2, suggesting that not only binding to CD46 but also the association of an RGD peptide in the fiber knob with a v -integrins would contribute to the transduction of AdF35-RGD(FG)-L2. Furthermore, M177 did not inhibit Incorporation of an RGD peptide into the HI loop achieves both ablation of CD46 binding and efficient transduction in an RGD-peptide-dependent manner, indicating that the HI loop is the most suitable region for the insertion of foreign peptides into the Ad35 fiber knob. Recent studies have revealed the mode of association of the HI loop with CD46. In the HI loop, Arg279 and Ser282 are the most crucial amino acids for association with CD46, and form a bridge to Glu63 and Thy28 in SCR1 of CD46, respectively. Gustafsson et al. 44 reported that substitution of Arg279 with Gln in the HI loop of Ad11 diminishes binding of Ad11 to CD46. In addition, amino-acid sequences in the HI loop are relatively well conserved among the species B Ads. 45 These studies suggest that the HI loop makes a major contribution to the interaction with CD46 in the fiber knob of species B Ads, indicating that the HI loop would be well exposed to the outside of the fiber knob.
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In addition to the HI loop, the C-terminal region of the fiber knob is a preferable candidate for the insertion of foreign peptides. Previous studies have shown that the insertion of an RGD peptide into the C-terminal region of the Ad serotype 3 (Ad3) fiber knob mediates elevation in the transduction efficiencies. 46, 47 We also constructed a vector plasmid for an AdF35 vector containing foreign peptides in the C-terminal of the fiber knob; however, the virus could not be rescued. The C-terminal region of the Ad35 fiber knob contains an additional amino acid, a Gln residue, compared with the Ad3 fiber knob. 29 Steric hindrance might be induced by the insertion of foreign peptides into the C-terminal of the Ad35 fiber knob. On the other hand, an increase in the transduction efficiencies was not observed following insertion of the RGD peptide into the HI loop of the Ad3 fiber knob. 47 However, it is unclear whether or not the RGD peptide in the HI loop functions properly, as receptor(s) for Ad3 were expressed on the human cells used in these studies. Insertion of an RGD peptide might inhibit the attachment of chimeric Ad vectors possessing the Ad3 fiber knob to receptor(s) for Ad3, leading to a decline in the transduction efficiencies, similarly to the fiber-mutant AdF35 vectors with foreign peptides in the HI loop in this study.
Human CD46 is ubiquitously expressed, but the mouse analog of CD46 is expressed only in the testis. 48 Furthermore, there is low homology between human and mouse CD46, 49 leading to refractoriness of AdF35 vectors to mouse cells. However, this study showed that the fiber-mutant AdF35 vectors with an RGD peptide inserted into the HI or FG loop efficiently transduce NIH3T3 cells, indicating that the fiber-mutant AdF35 vectors would be useful for gene functional analyses using mice.
In addition to chimeric AdF35 vectors, Ad35 vectors, which are fully constructed from Ad35, have been developed. 21, 50 Ad35 vectors possess several advantages, including low seroprevalence in adults and the capacity to evade immunity for Ad5, although AdF35 vectors are inactivated by anti-Ad5-neutralizing antibodies. [51] [52] [53] This study indicates that fiber-mutant Ad35 vectors displaying foreign peptides in the fiber knob could be constructed. Hamilton et al. 54 developed fiber-mutant Ad35 vectors containing an RGD peptide in the HI loop. The study showed that Ad35-based vector-mediated transgene expression was prolonged following administration in the eye, compared with Ad5-based vectors, although they did not show whether the insertion of an RGD peptide in the knob mediated binding of virus to a v -integrins. Fiber-mutant Ad35 vectors should also be powerful vectors for gene therapy and gene function analysis.
Fiber-mutant AdF35 vectors containing an RGD peptide in the HI or FG loop efficiently transduced CD46-negative cells in an RGD-dependent manner; however, their transduction efficiencies were approximately fivefold lower than those of fiber-mutant Ad5 vectors with RGD peptide inserted into the HI loop (data not shown). In addition, the mutant AdF35 vectors with an RGD peptide in the fiber knob less efficiently transduced the CD46-positive cells compared with the parent AdF35 vectors, although a v -integrins were expressed on the CD46-positive cells ( Figure 5 ). These results indicate that a further improvement of fibermutant AdF35 vectors will be needed for a more efficient transduction. In addition to identification of more suitable sites for the insertion of foreign peptides, ligands that exhibit higher affinity to targeted organs should be identified for the development of truly targeted Ad Chimeric Ad vectors with foreign peptides in the Ad35 fiber knob H Matsui et al vectors. The RGD peptide is a representative of foreign peptides that efficiently function by incorporation into Ad capsid; however, a v -integrins are broadly expressed in normal tissues. 55 In a recent study, a peptide that specifically targets the kidney was discovered by means of an in vivo phage display system, and incorporation of the peptide into the Ad serotype 19 fiber knob led to efficient targeting of the Ad vectors to the kidney. 56 In summary, we have developed fiber-mutant AdF35 vectors containing foreign peptides in the fiber knob and showed that the HI loop is suitable for the insertion of foreign peptides. Fiber-mutant AdF35 vectors containing an RGD motif in the HI loop infect cells through an RGDdependent and a human CD46-independent manner. These fiber-mutant AdF35 vectors are expected to be useful as a platform for targeted Ad vectors and to provide important clues for the improvement of targeted gene delivery systems using Ad vectors.
